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INTRODUCTION 
Mass selection is the oldest method of plant breeding. Applied by 
primitive man to hundreds of generations of plants, mass selection played 
an important role in the development of modern cultivated species from their 
wild ancestors. 
The recent evolution of plant breeding from an art to a science has 
spawned many selection procedures which fall in the category of mass selec­
tion. Romero and Frey (1966) point out that mass selection has two dis­
tinct steps: 1) selection is practiced on the basis of phenotypic expres­
sion of individual plants or seeds within a genetically heterogeneous popu­
lation without resorting to progeny tests; 2) the retained plants or seeds 
are bulked to propagate the next generation. 
The success of mass selection depends upon the heritability of the 
attribute for which selection is practiced, if this attribute is of sole in­
terest. If other attributes are also of interest or if indirect mass selec­
tion is applied, the genetic association between attributes, expressed as a 
genotypic correlation, becomes important. 
Mass selection may be visual, where the retention of an individual unit 
of selection depends upon visual discrimination of its genetic worth, or 
mechanical, where some mechanical device discriminates between individuals 
en masse, such as a screen to retain seeds of a certain size or larger. 
Human judgment obviously plays a role in both methods, but mechanical de­
vices are not as prone to unintentional shifts in selection intensity. 
Mass selection among small grains is nfren on plsnts grc.-.'r. in 
dense (i.e., solid) stands. Other methods of selection among small grains 
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are often practiced on individually-spaced plants, e.g., the initial stage 
of the pedigree method. 
The objectives of ny study were: a) to compare the effectiveness of 
selection on individually-spaced oat plants with the effectiveness of selec­
tion on individual plants grown in dense stands of a heterogeneous popula­
tion of oats; b) to estimate the usefulness of mass selection when applied 
to several plant traits within a heterogeneous population of oats. 
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REVIEW OF LITERATURE 
Mass selection has been a much used technique in varietal development. 
Varieties of small grains, corn, various forage species, and other field 
crops have been developed through mass selection, according to Allard (I960). 
Sprague (1955) lists the lack of control of male parentage and the con­
fusing effects of soil variability on the phenotype of selected plants among 
the reasons why mass selection became unpopular with maize breeders about 
1925. For 20 years thereafter, mass selection fell into general disrepute 
among plant breeders. 
The past two decades have witnessed a renewed interest in mass selec­
tion, due in part to the quantitative genetic studies that have demonstrated 
the presence of considerable amounts of additive genetic variation for yield 
in maize varieties. Gardner (1961), using a gridding technique to reduce 
the confounding effects of soil variability on genetic expression of plants 
in an open-pollinated maize variety, obtained a 3.9 percent gain per year 
in grain yield. Loimquist, Cota, and Gardner (1956) reported continued prog­
ress from mass selection using the same techniques. Hallauer and Sears 
(1969) also used a gridding technique to mass-select for grain yield in two 
open-pollinated varieties of maize but obtained no progress from five cycles 
of selection. A low intensity of selection due to the exclusion of stalk-
lodged plants may have contributed to the lack of progress. 
Johnson and Goforth (1953) described a successful controlled mass-
selection procedure in sweetclover whereby only desirable plants were al­
lowed to inter-pollinate, thus gaining some control over nwlp narenrae*. 
Beginning with 30,000 alfalfa seedlings in greenhouse flats, Barnes, 
4 
Ratcliffe, and Hanson (1969) used an efficient mass-seloction procedure to 
select about 150 plants that had resistance to the alfalfa weevil. 
Small grain breeders have applied mass-selection techniques with 
varying degrees of success. Atkins (1953) applied four generations of vis­
ual mass selection for desirable spikes in segregating populations of barley 
but obtained no improvement in grain yield. Mass selection for desirable 
attributes in 19 small grain crosses was performed by Florell (1929). 
Superiority in yield (relative to checks) and resistance to shattering and 
lodging were observed in 33 of the 45 ultimate selections. Hoogland (1961) 
practiced three cycles of mass selection to increase leaf number of winter 
rye plants from 13 to 18. 
Comstock and Robinson (1952) noted that the ability to predict effects 
of alternative plant-breeding procedures on rate and potential amount of 
genetic improvement is a prime key to developing superior plant populations. 
In this regard, Falconer (1952), among others, has pointed out the problems 
facing a breeder in attempting to choose a particular environment in which 
to practice selection. One environment may allow rapid progress from selec­
tion but gains achieved may not be expressed when selected genotypes are 
grown in a different environment. A study in which Byth, Weber, and Cald­
well (1969) selected for grain yield of soybeans in several different envi­
ronments serves to illustrate this problem. They found that predictions of 
yield advance from selection in any one environment were inaccurate esti­
mates of actual advance evaluated over all environments. 
Studies of wheat conducted by Sakai (1955) indicated the presence of 
intergenotypic competition may enhance or reauce tne expression or some 
traits; therefore, the total variation of a trait may include a component 
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incidental to genotypic variation but nontransraissable to progeny. Dense 
plant stands promoted intergenotypic competition when compared to spaced 
plant stands. Competition among five spring oat varieties, tested in hill 
and row plots, was found by Smith, Kleese, and Stuthman (1970). Maturity 
and height expressions were affected little by competition, but grain yield 
was affected more than any other trait studied. Among the yield components, 
panicle number and number of seeds per panicle were affected more than seed 
weight. 
The effects of varying levels of environmental stress on heritabilities 
of quantitative attributes of oats were studied by Johnson and Frey (1967). 
Genotypic variances tended to increase as environmental stresses were re­
duced; however, environmental variances tended to increase in a parallel 
manner, so heritabilities did not always increase with reduced environ­
mental stress. 
There is a sizable body of literature on visual selection within field 
crop species. Osier, Wellhausen, and Palacios (1958) found visual selec­
tion from S-j^ through in maize improved yield in 57 percent of the re­
sulting X hybrid combinations. Ear and plant appearance were judged 
to be improved also. Contrariwise, visual selection from through was 
ineffective in improving combining ability for yield of maize in two experi­
ments conducted by Sprague and Miller (1952). Visual selection for re­
sistance to stalk breakage was effective in one experiment. Gains in com­
bining ability from visual selection practiced by Wellhausen and Wortman 
(1954) were present only when the maize lines were tested in hybrid com­
bination in the selection environment. When Russell and Teich (1967) 
tested visually-selected n#i^e lines at high planting rates, those selected 
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from populations grown at high plant densities were superior in yield to 
lines selected from populations grown at low plant densities. Selection by 
visual evaluation of inbred-line performance in dense stands was at least 
as effective as selection by extensive testcrossing, and far more efficient. 
Kwon and Torrie (1964) found visual selection for yields of soybean 
plots to be 50 percent less efficient than selection based on plot yields. 
Their visual discrimination was better for the low yield quartile than for 
the high one. 
Selection within small grain species by visual discrimination among 
spaced plants has been effective for traits such as height and maturity, 
but generally ineffective for complex traits such as grain yield. Iramer 
(1942), using data from barley plants of four varieties and four F2 crosses 
grown in a space-planted nursery, found that the variation in yield among 
spaced plants was determined almost completely by environmental factors. 
Atkins (1964) reported a study in which individual plants in spaced ré­
génération plantings of a spring barley cross were evaluated visually for 
several plant characteristics considered to be associated with grain yield. 
Vigor, number of tillers, seed size, and fertility of tip and basal florets 
were considered when selection was performed. Two groups of 25 F3 plants 
judged to be good or poor, plus a group of 25 plants selected at random, 
were compared for grain yield in the F^ through Fy. Maximum difference 
among the groups was only 48 pounds per acre, so visual selection to improve 
grain yield was judged to be of no practical value. 
Frey (1962a) compared the grain yields of lines obtained by visual 
selection within bulk hybrid oat populations with the grain yields of 
randomly-selected lines. Selection was practiced on spaced F2 plants, and 
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also on spaced F5 plants and corresponding F^-progeny rows. Substantial 
gain in grain yield was realized from visual selection among F^-progeny 
rows, but the phenotypic expressions of single plants were so influenced by 
environmental effects that visual selection was ineffective. 
Visual selection among single plants in a space-planted environment 
has given varied results, depending upon the crop species and heritabili-
ties of selected traits. The confounding effects of environment and a 
sample size of one reduce gain from such selection. A third factor con­
tributing to lack of response may be the interaction of genotypes with 
spacing environments. Hinson and Hanson (1962) noted that the relative per­
formances of individual soybean plants in heterogeneous populations must be 
similar to the relative performances of the same genotypes grown in pure 
stands, if selection for use in pure stands is to be effective. These 
authors pointed to differences in competition stress as one reason for the 
failure of spaced soybean plants to indicate the relative performance of 
their less-heritable traits at commercial planting rates. For heterogeneous 
soybean populations grown in dense stands, competition from neighboring 
plants can bias the accuracy of selection of single plants for traits with 
complex inheritance. Weber (1957) selected for yield of single plants in 
bulk hybrid soybean populations grown at different plant spacings and found 
that genotypic expression for yield was similar under severe and reduced 
competition. 
Russell and Teich (1967) found that visual selection in densely-
planted corn populations gave inbreds with superior combining ability at 
high stand levels but this superiority was not necessarily present at lower 
stand levels. 
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Data from studies on crested wheatgrass suggested to Schaaf (1968) 
that selection in populations based on spaced-plant phenotype could result 
in the loss of valuable genotypes. 
Mixtures of ten rice varieties were grown by Kariya and Yamamoto (1963) 
in densities of 30 x 30 cm, 21 x 21 cm, and 15 x 15 cm with early and normal 
planting dates. The heritabilities of panicle length, number of panicles, 
panicle weight, and heading date decreased with increasing density of 
planting. Interactions of genotypes with density were noted, and the au­
thors suggested the use of early-generation selection under low plant den­
sity followed by further selection at higher plant density when developing 
lines adapted to high plant densities. Gotoh and Osanai (1959) found selec­
tion for yield and ear number within an Fg bulk of a wheat cross was most 
successful at low plant density. 
In a study of the effects of varied seeding rates on yield and yield 
components of wheat, oats, and barley, Guitard, Newman, and Hoyt (1961) 
found that a linear increase in plants per acre caused a curvilinear de­
crease in heads per plant of all three crops, a curvilinear decrease in ker­
nels per head of oats, but no change in 1,000-kernel weight of any of the 
three crops. Wiggans and Frey (1957) also found a decrease in culms per 
plant as the seeding rate of oats was increased. Variable seeding rates 
did not appreciably modify the genotypic structure of heterogeneous oat 
populations in studies conducted by Reyes and Frey (1967). Chapman, Allard, 
and Adams (1969) studied mixtures of the wheat varieties Baart and Ramona 
at several rates of planting, and found a significant positive interaction 
for yield between the two varieties at high but not at low population 
densities. Seed size, however, varied inconsistently with genotypic fre­
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quency, indicating competition from surrounding plants had little effect on 
seed size. 
Plant breeders have been intrigued by the possibilities of indirect 
selection for yield through selection for yield components or other traits 
genetically related to yield. Rasmusson and Cannell (1970) said selection 
for grain yield of barley via yield components was effective in certain 
situations but they did not recommend it as a routine procedure. To attain 
maximum grain yield, the optimum genotypes for kernels per head and heads 
per plant varied, depending upon environment, but high kernel weight was 
always optimum. Kernel weight of durum wheat was used to select indirectly 
for grain yield by Lebsock and Amaya (1969). Their limited success with 
the indirect-selection procedure prompted them to recommend its use in 
screening F2 populations for high-yielding genotypes. 
Grafius (1965) discussed limitations on the use of selection indices 
and suggested such indices were efficient but not of great practical im­
portance due to the difficulties encountered in their application. He 
offered, as an alternative, selection based upon yield components which, in 
small grains, are panicles per unit area, seeds per panicle, and weight per 
seed. In another paper, Grafius (1956) described an experiment involving 
40 oat varieties in which panicles per unit area and size of panicle but 
not size of seed influenced grain yield. 
Frey (1962c) predicted the yielding ability of many oat lines using 
the yield components, spikelets per panicle and seed weight. He calcu­
lated a yield differential from selection via yield components of 16 per­
cent, but he obtained an actual yield differential of only five percent. 
When grain yield itself was used for selection, he obtained a calculated 
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yield differential of 14 percent and an actual yield differential of seven 
percent. Obviously, grain yield itself was the most efficient selection 
criterion. Frey (1962b) conducted selection experiments with oats using 
grain yield alone and indices of grain yield plus weight per 100 seeds. 
With one exception, the addition of seed weight as a selection criterion de­
creased the gain in yield. 
A mean genotypic correlation of 0.69 between caryopsis weight and 
width of oats and a heritability of 35 percent for seed width (based on sin­
gle caryopsis measurements) were reported by Murphy and Frey (1962). These 
data led Frey (1967) to evaluate the possibility of improving seed weight 
via mass selection for seed width. Seeds from heterogeneous and segregating 
oat populations were passed over a screen with 12.7 x 2.4 mm slots and those 
seeds too wide to go through the slots were bulked and propagated. This 
mass-selection procedure was repeated from the F^ through Fy. Mass selec­
tion for seed width caused an increased weight per 100 seeds, later heading 
date, taller plant heights and a nine percent gain in grain yield relative 
to an unselected check population. 
Frey and Huang (1969) measured yielding ability and weight per 100 
seeds within oat populations derived from seven different crosses. The 
association of the two traits was curvilinear, with maximum yields occurring 
when 100-seed weights were between 2.75 g and 3.10 g. A simulated selection 
was applied to 150 oat lines from a bulk population by saving only those 
lines whose weight per 100 seeds fell within the 2.75 g to 3.10 g interval. 
The proportion of lines rated superior in yield was 16 percent in the un­
selected population and 32 percent in the selection interval. In a related 
study, a clipping procedure was used by Romero and Frey (1966) to mass-
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select for uniform plant heights in a heterogeneous and segregating oat 
population. An increase in mean grain yield and an earlier mean heading 
date accompanied the shift toward shorter plants. 
Johnson (1967) calculated expected genetic advances in oat grain yield 
from selection at four levels of soil phosphorus using selection indices 
composed of various combinations of the following attributes: plant height, 
plant weight, panicle number, average spikelet number per panicle, weight 
per 100 seeds, and grain yield. Only the index composed of panicle number 
plus yield had any appreciable advantage over selection based on yield alone. 
The index advantage diminished at higher levels of soil phosphorus due to a 
greater relative increase in the heritability of yield with increasing phos­
phorus. 
Literature pertaining to the biometrics of indirect selection and cor­
related response is plentiful. Falconer (1960) presented basic biometrical 
considerations of correlated response, and Searle (1965) discussed the 
biometry of indirect mass selection. Lerner, Asmundson, and Cruden (1947) 
pointed out possible advantages of selection indices in maximizing gain 
from selection. The question of selection in one environment for perform­
ance in another, different environment has been discussed by Falconer (1952) 
using an approach analogous to correlated response. 
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MATERIALS AND METHODS 
Genetic Material 
I used 1500 lines and 20 Midwestern varieties of oats, Avena sativa L., 
in ny experiments. 
Population B251, the source of the 1500 lines, originated in 1958 as a 
composite of F2 seeds from many crosses that was irradiated with X-rays. 
About 90,000 plants of the irradiated F2 composite were sown, harvested, and 
threshed en masse. A 2,000 gm sample of F3 seed was irradiated with thermal 
neutrons (TN) in 1959. Seed samples from the TN material were planted as 
female rows alternately with male rows of nonirradiated material at the 
Agronomy Research Center, Ames, Iowa. The irradiation induced mutations 
and caused male sterility which Grindeland and Frohberg (1966) showed would 
increase outcrossing between adjacent rows to about five percent. Two more 
cycles (in 1960 and 1961) of irradiation with X-rays and planting in male-
female rows produced population B251 which was grown in bulk for five gener­
ations (1962 to 1967) to allow segregation and the onset of homozygosity. 
About 200,000 plants were grown in each segregating generation. 
The 20 varieties I used as checks are listed in Table 1. 
Table 1. Varieties used as checks in all experiments 
Bonkee Dawn M3300 Richland 
Burnett Garland Neal Santee 
Cherokee Goodfield Nodaway Stormont 
Clintford Holden O'Brien Taylor 
Clintland 64 Jaycee Portal l^ndmere 
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Experimental Procedures 
Selection of lines 
From a drill strip of B251 grown in 1967, I randomly selected 1500 
panicles with stem attached. Each selection was measured for length (from 
base of culm to panicle tip), panicle weight, and number of spikelets per 
panicle. I then measured the weight and maximum width of each of four ran­
dom primary seeds from each panicle. These seeds were used to plant ny 
1968 experiments. The remaining seed of each panicle was planted in a seed-
increase plot in 1968. 
Plot types 
I used variations of the hill-plot technique (Frey, 1965) to simulate 
two planting arrangements in which an oat breeder might practice selection 
among individual plants, i.e., individually-spaced plants and dense stands 
where genotypes would compete with one another. All plots conformed to the 
basic hill-plot arrangement whereby one or more seeds were sown in the cen­
ter of a 30 X 30 cm square of land, and all hills were surrounded by similar 
plots. 
Spaced hill plots To simulate environmental conditions of indi­
vidual spaced plants of oats, I sowed one primary seed in a hill plot. 
Hereafter, I will refer to such plots as spaced hills. In each of the years 
1968 and 1969, I conducted a spaced-hill experiment with 1600 entries (i.e., 
1500 entries plus 20 varieties each entered five times) in a randomized 
complete-block design. Each block was 16 by 100 plots surrounded by two 
border rows of hills, an inside one of spaced hills and an outside one of 
plots with 30 seeds per hill. I used two of the four primary seeds measured 
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from each 1967 panicle selection to plant the 1968 experiment of spaced 
hills. When possible, I obtained seed for my 1969 spaced-hill experiment 
from block 1 of the 1968 experiment; otherwise, I used seed from block 2. 
Twenty lines failed to survive in either block in 1968, so for these, I sub­
stituted seeds of Traill barley to preserve the competitive balance between 
plots in the 1969 experiment. 
Barley hill plots To simulate environmental conditions common for 
mass selection, I planted a single primary oat seed and 30 barley seeds in 
a hill plot; hence, to denote this technique, the term "barley hills" which 
will be used hereafter. Experimental design and procedures similar to those 
described for the spaced-hill experiments were used in 1968 and 1969 for 
the barley-hill experiments, with two exceptions: 1) In the 1969 experi­
ment, hills of 32 oat seeds were substituted for 29 lines not surviving in 
1968; 2) Hills of 32 oat seeds were used for all border plots. The barley 
I used was a mixture of barley varieties that differed widely in maturity 
and height. 
Standard hill plots To estimate the genotypic worth of each line 
and check variety, I grew the 1600 entries in randomized complete-block 
experiments with five replicates in 1969 and three replicates in 1970. Each 
plot was a hill sown with 32 oat seeds and the hills were spaced 30 cm apart 
in perpendicular directions. Hereafter, I will use the term "standard 
hills" to denote such plots. In these experiments no lines were missing, 
standard hills were used as border plots, and seed used in both years came 
from the 1968 seed increases. 
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Chemical treatments 
To eliminate infection by loose smut of oats, Ustilago avenae (Pers.) 
Rostr., I treated all seed prior to 1969 planting with the systemic fungi­
cide, 2,3-dihydro-5-carboxanilido-6-methyl-l,4-oxathiin. This compound con­
stitutes 75 percent by weight of the wettable-powder form of Vitavax.^ I ap­
plied Vitavax as a dry powder at an approximate dosage of one gm per 400 gms 
of seed. This dosage produced no observable effects on oat seedlings from 
germination to the three-leaf stage in greenhouse tests. Stoker and Dewey 
(1969) reported a 6.4 percent decline in yield of Gem barley from treatment 
with Vitavax, but I observed no abnormal development of oats or barley due 
to Vitavax treatment. There was no loose smut in my 1969 and 1970 experi­
ments. All plants were sprayed with a fungicide at weekly intervals from 
anthesis to maturity to prevent epiphytotics of foliar diseases. 
To reduce the incidence of barley yellow dwarf virus and blue dwarf 
diseases of oats, which are introduced to the plants by insect vectors, I 
applied a systemic insecticide, 0,0-Diethyl S- ^ 2-(ethylthio)ethylj phos­
phor odithiolate, as 10 percent granular Di-syston^ to the soil at the rec­
ommended dosage immediately after planting. 
All experiments were grown on a Clarion-Webster soil to which nitrogen, 
phosphorus, and potassium were applied as needed to give high productivity. 
Uncontrolled environmental conditions 
The experiments were sown using hand com planters at the Agronomy Re­
search Center near Ames, Iowa, on March 29, 1968; April 23 and 24, 1969; and 
^Manufactured by Uniroyal, Inc., Rockefeller Center. 1230 Avenue of 
Americas, New York, New York 10020. 
2 Manufactured by the Chemagro Corporation, Kansas City, Missouri. 
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April 10, 1970. Available moisture was adequate for good plant growth in 
all years. The 1968 and 1970 seasons were very favorable for oat produc­
tion, but severe lodging and high temperatures during grain filling caused 
poor productivity and grain development in 1969. 
Collection of data 
I measured the following traits: 
Heading date (HDT) -- the number of days after May 31 when, in spaced 
and barley hills, the first (primary) panicle had emerged completely from 
its boot; or when, in standard hills, 50 percent of the panicles had 
emerged completely from their boots. 
Plant height (HT) -- the height in centimeters from ground to the tip 
of the primary panicle in spaced and barley hills or to the top of the main 
concentration of panicles in a standard hill. 
Primary panicle weight (PPWT) — the weight in grams of the primary 
panicle from a plant in a spaced or barley hill. 
Total grain yield (TGY) — the weight in grams of all grain produced 
in a spaced, barley, or standard hill. 
Seed width (SWD) — the maximum width in millimeters of a random pri­
mary seed from the primary panicle of a spaced or barley hill, or the mean 
maximum width of five random primary seeds from a standard hill. 
Seed weight (SWT) -- the weight in milligrams of the primary seed pre­
viously measured for width, or the weight in grams of 100 random seeds from 
a standard hill. 
Spikelets per panicle (S/P) — the number of fertile spikelets on a 
primary panicle from a spaced or barley hill, or the mean number of fertile 
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spikelets on five random panicles from a standard hill. 
Measurements were not made for heading date, plant height, and total 
grain yield on the 1969 barley hills because of severe lodging. Primary 
panicle weight was not measured on the 1969 standard hills, and only total 
grain yield was measured on the 1970 standard hills. 
Notation 
When convenient, I will denote traits by the abbreviations given above, 
and designate experiments by a three-digit code. The first digit will re­
fer to year, the second to type of experiment, and the third to block (i.e., 
replication) number: 
First digit Second digit Third digit 
8 = 1968 0 = spaced hill 0 = all blocks 
9 = 1969 1 = barley hill 1 = first block 
0 = 1970 2 = standard hill 2 = second block 
Thus 802 refers to the second block of 1968 spaced hills, 020 to the entire 
1970 standard-hill experiment. At times, I will regard a block of a spaced-
or barley-hill experiment as an experiment in itself, thereby creating a 
need for such notation. 
Statistical Procedures 
Missing plots 
Many missing plots occurred in spaced and barley hills (Table 2). 
Values for missing plots were not estimated. Instead, when equal replica­
tion was required for an analysis, any entry having one or more missing 
plots was omitted. Statistical analyses involving the 1969 spaced-hill data 
contained from 419 to 847 entries, depending upon the particular analysis. 
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Table 2. Numbers of missing plots (excluding plots sown to check varie-
ties) within spaced-, barley-, and standard-hill experiments 
Experiment Number of missing plots 
1968 spaced hills 
block 1 135 
block 2 124 
1969 spaced hills 
block 1 653 
block 2 669 
1968 barley hills 
block 1 186 
block 2 181 
1969 barley hills 
block 1 329 
block 2 353 
1969 standard hills none 
1970 standard hills none 
and the analyses of variance of barley-hill data combined over years con­
tained 757 entries. All other analyses contained more than 1,000 entries. 
Measurements made on check varieties were not included in statistical analy­
ses of data from experimental oat lines. 
Analyses of variance and covariance 
I performed analyses of variance for all traits from all experiments, 
except the 1967 bulk selection, according to procedures for a randomized 
complete-block design. Entries with one or more missing plots and check 
varieties were excluded from each analysis of variance. Separate analyses 
of variance were performed for check varieties within each block of all 
spaced- and barley-hill experiments. Genotypes and years were treated as 
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random effects, but plant spacings, i.e., spaced versus barley hills, were 
treated as fixed effects. After constructing the appropriate set of ex­
pected mean squares for each analysis, I calculated all components of vari­
ance which were of interest. 
Analyses of covariance procedures are analogous to those used for 
analyses of variance. 
Genotypic correlations among traits within experiments 
I used two methods to calculate genotypic correlations: 1) parent-
offspring regression, and 2) components of variance. 
Parent-offspring regression The formula used to calculate geno­
typic correlations parallels that originally given by Hazel (1943): 
j^Cov(XiY2) + Cov(X2Yi) 
|jcov(Xj^ X2) X COV(YI"Ï2) h 
where rg^ is the genotypic correlation between traits X and Y, Cov(X]^Y2) 
is the covariance of traits X in parent and Y in offspring, Cov(X2Y-j^) is 
the covariance of traits Y in parent and X in offspring, Cov(Xj^X2) is the 
covariance of trait X in parent and X in offspring, and Cov(Yj^Y2) is the co-
variance of trait Y in parent and Y in offspring. 
Reeve (1955) noted that the estimate of rg^ using the arithmetic mean 
of the cross-covariances in the numerator must always be less than or equal 
to the estimate obtained using the geometric mean but did not show which 
estimate is generally the least biased in finite samples. Hazel (1943) be­
lieved the arithmetic mean to be less subiect to bias bv samnline prm-r. 
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Components of variance To calculate genotypic correlations in a 
different manner, I used analyses of variance and covariance to obtain geno­
typic components of variation and covariation containing no bias due to in­
teraction of genotypes with years. I applied a formula given by Mode and 
Robinson (1959): 
where Cov(GjjGy) is the genotypic covariance of traits X and Y, Var(6%) is 
the genotypic variance of trait X, and Var(Gy) is the genotypic variance of 
trait Y. 
in this study were nearly homozygous (2^96.8 percent). Homozygosis and 
natural self-fertilization will maintain the genotypic identity of oat lines 
from generation to generation. Therefore, the use, in a parent-offspring 
regression analysis, of measurements made on an oat plant grown in block 1 
of a spaced- or barley-hill experiment was equivalent to the use of measure­
ments made on the plant's sib in block 2 of the same experiment because the 
two plants were nearly identical in genotype. Measurements made on plants 
grown in the 1968 spaced-hill experiment were parent values, and measure­
ments made on plants grown in the 1969 spaced-hill experiment were offspring 
values. Values from plants grown in block 1 of the 1969 spaced-hill experi­
ment were regressed on values from plants grown in block 1 of the 1968 
spaced hills, and values from block 2 of the 1969 spaced-hill experiment 
were regressed on values from block 2 of the 1968 spaced hills. The pairing 
of blocks was then changed (Table 3) and regression analyses were performed 
Cov(GXGy) 
r 
Execution of regression analyses The experimental oat lines used 
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using the new pairs. The four analyses gave nearly identical values of re­
gression coefficients and of correlation coefficients, so the analyses were 
combined to give one set of regression and correlation coefficients. 
The procedures followed in the parent-offspring regression analyses of 
the barley-hill experiments were identical to those described for the 
spaced-hill experiments. 
Table 3. Pairs of blocks used for parent-offspring regression analyses of 
spaced-hill experiments^ 
Parent Offspring 
801 901 
802 902 
801 902 
802 901 
^Similar pairs were used in barley-hill experiments. 
Heritabilitv estimates 
Hanson (1963) stated that heritability estimates for plants depend up­
on the reference unit used for measurements and the restrictions made in 
defining heritability. 
Mass selection operates on the individual plant or seed; therefore, I 
used the individual plant or seed as the reference unit for all heritability 
estimates calculated from spaced- and barley-hill data. The reference unit 
for standard hills varied with t-hp rraif ™ethod cf r?.ca=urc-cnt, sc all 
heritability estimates from standard hills were placed on an entry-mean 
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basis. 
When possible, heritability estimates were calculated on the basis of 
the following model: 
?ijk 8i + (GE)-. + 
where jj, is the true mean, g^ is an entirely additive genetic contribution, 
(GE)^j is an interaction of genotype with environment, and e^j^ is a random 
error within an environment. 
Parent-offspring regression This method has been discussed by Smith 
and Kinman (1965) and by Omran, Atkins, and Gilmore (1968). Assuming that 
genotypic and environmental effects are distributed independently, it can 
be shown that, for self-pollinated pure lines, the coefficient of regres­
sion of offspring on parent is an estimate of heritability, i.e., 
H = b 
Standard unit method Changes of scale due to environmental effects 
caused Frey and Horner (1957) to propose modification of parent-offspring 
regression by coding measurements of parents and offspring by their respec­
tive standard deviations. This method is equivalent to estimating heri­
tability by the correlation coefficient of offspring with parent, i.e., 
H = r 
Values of b and r were calculated by linear regression of 1969 spaced- and 
barley-hill (offspring) data on 1968 spaced- and barley-hill (parent) data. 
Variance components - AKOV Allard (I960, pp. 94-98) discusses a 
method for obtaining estimates of heritability from ratios of appropriate 
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linear combinations of variance components from an analysis of variance. 
Heritability estimates calculated from spaced- and barley-hill data by this 
method have the form: 
Ô-g' +CT-e' 
A 2 A 2 
where O" is the genotypic variance, 0"„ y is the component of variance due g & J 
A 2 
to interaction of genotypes with years, and G"g is a component attributable 
to random error. Heritability estimates for standard hills have a similar 
form but are based on entry means. 
Variance components - checks Each of 20 check varieties was sown 
in five random plots within every block of spaced-, barley-, and standard-
hill experiments. Within every block of spaced and barley hills, each trait 
measured on the 100 check plots was analyzed by the analysis-of-variance 
procedure for a completely random design, with check varieties as treat­
ments. Variations within groups of five plots sown to the same check varie­
ty were pooled in each analysis to estimate the error (unexplained plot-to-
plot) variation within the particular block. The phenotypic (total plot-to-
plot) variation among the 1500 experimental oat lines grown in a block of 
spaced or barley hills was regarded as the sum of genotypic and error com-
/\ O 
ponents of variation. The genotypic component (0"g )» for a particular 
A 2 
trait and block, was calculated by subtraction of the error component (0~g , 
A 2 A 2 
calculated via check varieties) from the phenotypic component (O^ + (TQ , 
calculated via experimental lines). The heritability of a trait measured in 
A block of snflrpH or harlpv bills wac r-nl ml al-orl ac fho rafin nf cennfvnir 
variation to phenotypic variation, i.e.. 
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These herstability estimates were averaged over blocks to obtain one value 
for each trait measured on spaced hills and one value for each trait meas­
ured on barley hills. 
Selection in different environments 
Following the discussions of Falconer (1952), Kempthorne (1969, pp. 
264-267), Romero and Frey (1966), Searle (1961), and Searle (1965), I de­
vised procedures to relate the performance of a genotype in two different 
environments. 
Let trait A be measured in three different environments, 1, 2, and 3; 
then assume environmental variations of the three environments are uncorre-
lated with one another or with genotypic variation. Figure 1 illustrates 
the situation. P, G, E, H, and rg represent phenotype, genotype, environ­
ment, heritability, and genetic correlation, respectively, and all are 
labelled according to trait and/or environment. One can regard Al, A2, and 
A3 as three different traits, not as one trait in three different environ­
ments. Suppose that improvement of is of primary interest and this im­
provement is to be accomplished by selection in environment 2 or 3. The 
problem is to determine which route of selection for G^j^ will give the 
greatest progress. 
Expected genetic advance in trait A^ from selection for is given 
by: 
(1) 
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rigui-c 1. Relai-ionships among genotype (G), phenotype (P), and environment 
(E) for a trait (A) measured in three different environments 
(1, 2, and 3) 
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where k is a standardized selection differential, A G,, , H._, andCTP., are 
A1 A1 A1 
expected genetic advance, heritability, and phenotypic standard deviation, 
respectively, of trait Al. Expected genetic advance in A1 from selection 
in environment 2, for example, is obtained by substituting '^^A2^ 
for formula 1. 
Indirect selection in different environments 
In place of A2 and A3 above substitute B2 and B3, which are expressions 
of trait B in environments 2 and 3, respectively. For example, Al might be 
grain yield in standard hills with B2 and B3 plant heights in spaced and 
barley hills, respectively. Improvement of G^^ again of primary inter­
est and the problem is to compare indirect selection for G^j^ via B2 with in­
direct selection for G^^ via B3. Figure 2 illustrates the situation, with 
the same assumptions and notation. Expected genetic advance in trait Al via 
indirect selection for traits B2 or B3 is |^(k) (^gy^^BZ) (CT 
[(k)(rgAiB3)(HB3)(Crp^^)] , respectively. 
Genotypic correlation The genotypic correlation between traits Al 
and B2, for example, can be written as 
Cov(GAIGB2) 
"gAlB2 ~ I^Var (G^i)Var(GB2)j 
where Var (G^^) &iid Var (Gg#) are the genotypic variances of traits Al and 
B2, respectively, and Gov (G^2Gg2) is the genotypic covariance between 
traits Al and B2. I obtained genotypic variances from combined analyses of 
 ^T O  ^ O O *1 1 A  ^  ^^ w V# M  ^mm »» ^  ^ m  ^  ^  ^ — —. — * - ^   ^ * 
• ——  ^— J — V L*  ^  ^^ -I- t_ 1 1 1 II XiCL^  IV 
varieties from variation among experimental lines. I will now present the 
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Figure 2. Relationships among genotype (G), phenotype (?), and environment 
(E) for two traits (A and B) measured in three different environ­
ments (1, 2, and 3) 
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method used to obtain genotypic ccvariances between traits in different ex­
periments. 
Given that 
^A1 " ^A1 
^B2 = Gg2 + Eg2 
assume that 1) variations in genotype are uncorrelated with variations in 
environment and 2) variations of different environments are uncorrelated. 
The result is : 
Cov(P^IPB2) = E + E^I)(GB2 + £52)] 
= Cov(G^iGg2) Cov(G^]^Eb2) Cov(E^2Eg2) 
= CovCG^jGgg) 
where e|^ J denotes the expected value of the quantity within brackets. Thus, 
the covariance between the phenotypes of traits A1 and B2 involves only a 
genetic contribution. The formula used to calculate genotypic correlation 
was therefore: 
r 
8A1B2 
Cov(P^iPb2) 
Var(G^^)Var(Gg^) 
Only values from spaced- and barley-hill blocks numbered as "1" were 
used in calculating genotypic correlations with standard hill means. 
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RESULTS 
Relation of Barley Hills to Bulk Planting 
One oat seed was planted with 30 barley seeds to simulate strong com­
petition among oat plants in a dense stand of a heterogeneous population of 
genotypes and to allow identification and data collection of a large number 
of specific oat genotypes grown under such conditions. Listed in Table 4 
are means and coefficients of variability of seven plant traits measured on 
oat plants grown in a solid stand in 1967 and in barley hills and spaced 
hills in 1968 and 1969. Agreement of means for plant height, primary pani­
cle weight, and spikelets per panicle is generally better between 1967 bulk 
and 1968 & 1969 barley hills than between 1967 bulk and 1968 & 1969 spaced 
hills, indicating that competition furnished by barley plants did simulate 
competition in bulk or dense plantings, i.e., the conditions under which 
mass selection is often prac iced. Seed width and seed weight, however, 
were similar under all three methods of testing, which suggests these traits 
were not affected by degree of competition from surrounding plants. 
In general, coefficients of variation from the 1967 bulk were similar 
to the 1968 & 1969 spaced hills rather than the 1968 & 1969 barley-hill ex­
periments . 
Interactions of Genotypes with Environments 
Plant spacing methods 
From an analysis of variance involving spaced hills and barley hills, 
>ccii.£j etiivl geiioLypes buL noL plani. apacinga were judged to be significant 
sources of variation for primary panicle weight, seed width, seed weight. 
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Table 4. Means and coefficients of phenotypic variation for seven traits 
of oats measured in five experiments 
Experiment 
Trait 1967 1968 1969 1968 1969 
bulk barley barley spaced spaced 
Heading date __a 19.8 
(21.9)b 
22.3 
(19.8) 
31.6 
(14.5) 
Plant height 98.2 
(8.8) 
96.8 
(10.1) 
- - 101.8 
(11.0) 
109.5 
(10.0) 
Primary panicle weight 0.93 
(33.2) 
1.46 
(43.8) 
1.20 
(47.7) 
3.14 
(28.9) 
2.32 
(32.5) 
Total grain yield 1.97 
(54.5) - -
23.2 
(40.1) 
11.8 
(47.8) 
Seed width 2.66 
(8.0) 
2.81 
(8.1) 
2.77 
(11.1) 
2.68 
(8.7) 
2.89 
(10.1) 
Seed weight 29.5 
(18.1) 
33.9 
(19.5) 
27.6 
(25.6) 
29.4 
(21.9) 
27.9 
(26.4) 
Spikelets per panicle 18.6 
(29.7) 
29.7 
(39.9) 
27.3 
(37.6) 
64.5 
(31.0) 
52.2 
(29.8) 
dash (--) indicates no value was calculated. 
'^Coefficients of phenotypic variation are enclosed within parentheses 
and are defined as the phenotypic standard deviation expressed as a per­
centage of the mean. 
and number of spikelets per panicle (Table 5). Heading date, plant height, 
and total grain yield could not be included in the analyses because I did 
not measure these traits in the 1969 barley hills. Genotypes interacted 
with plant spacings for primary panicle weight and spikelets per panicle, 
but not for seed width and seed weight. Of course, these significant inter­
actions may or may not indicate a change in rank of genotypes. Changes in 
rank are of prime concern when selection is practiced in one environment 
31 
Table 5. Levels of significance of mean squares from analyses of variance 
for four traits measured on oat plants in spaced and barley hills 
in 1968 and 1969 (planting methods are assumed fixed) 
Source Primary Spikelets 
of panicle Seed Seed per 
variation weight width weight panicle 
Between years ** ** ** 
Between planting methods ns^ ns ns ns 
Years x methods ** ** ** ** 
Genotypes ** ** ** ** 
Genotypes x years ** ns ns ** 
Genotypes x methods ** ns ns ** 
Genotypes x years x methods ns ns ns ns 
^Significant at the 1 percent level of probability. 
^Not significant at the 5 percent level of probability. 
for performance in another. 
Table 6 shows the components of variance estimated from the combined 
analyses of variance. Components of variance attributable to plant spacings 
were very large for primary panicle weight and spikelets per panicle. The 
components of variance due to genotypes and years tended to be large for 
all traits in comparison with the interaction variance components. 
To assess the degree of phenotypic association between measurements of 
a trait from spaced and barley hills, I calculated intra-annual correlation 
coefficients between measurements from the two spacings in 1968 and also in 
1959 using data from experimental oat lines only (Table 7). The correlation 
coefficients for primary panicle weight, total grain yield, seed weight. 
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Table 6. Components of variance from analyses of variance for four traits 
measured on oat plants in spaced and barley hills in 1968 and 
1969 
Components Primary Spikelets 
of panicle Seed Seed per 
variance weight width weight panicle 
Years 0.152 0.004 6.898 31.526 
Planting methods 0.956 -0.008 -0.367 430.137 
Years x methods 0.040 0.008 2.711 11.815 
Genotypes 0.051 0.023 7.320 26.649 
Genotypes x years 0.040 -0.001 0.369 11.363 
Genotypes x methods 0.021 0.001 0.455 7.233 
Genotypes x years x methods 
-0.002 -0.002 0.025 0.223 
Error 0.415 0.048 37.391 165.416 
and number of spikelets per panicle were quite low (i.e., from 0.008 to 
0.239). Correlations for seed width and plant height were medium and for 
heading date the association was high. All correlations were significant 
due to the immense number of degrees of freedom available for each coeffi­
cient. 
The correlations suggest generally high interactions of genotypes with 
planting densities, probably even to the point where genotypes were ranked 
differently by the two test methods. 
Genotypic Correlation 
Successful selection for one trait in a DAnetirallv 
plant population may modify the genetic structure of that population for 
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Table 7. Intra-annual phenotypic correlations for several traits measured 
on oat lines grown in spaced and barley hills in 1968 and 1969 
Year 
1968 1969 
Heading date 0.701^ 
Plant height 0.338 - -
Primary panicle weight 0.176 0.008 
Total grain yield 0.139 - -
Seed width 0.402 0.327 
Seed weight 0.239 0.072 
Spikelets per panicle 0.208 0.081 
^All coefficients are significantly different from zero at the 1 per­
cent level of probability. 
other traits, a phenomenon called "correlated response to selection". 
Genetic associations between traits caused by pleiotropy or linkage are 
responsible for this correlated response. Since the degrees or manners of 
expression of genes governing a trait may change with environment, the in­
tensity of genetic association between traits may also vary with environ­
ment. Johnson (1965) has discussed some statistical aspects of this prob­
lem. I calculated genotypic correlations among traits within each method of 
plant spacing to detect possible changes in genetic associations between 
traits in response to different plant spacing methods (Table 8). 
Comparable genotypic correlations from spaced hills and from barley 
hills were always similar in sign. Seed width with seed weight and sppH 
weight with spikelets per panicle were more strongly correlated in spaced 
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Table 8. Genotypic correlations among seven traits measured on oat lines 
grown in spaced, barley, and standard hills, as estimated by re-
gression and analysis of variance 
HT PPWT TGY SWD SWT S/P 
HDT 
0.695* 
0.718» 
c 
d 
0.419 
0.529 
0.103 
0.309 
0.029 
0.149 
0.118 
0.132 
0.422 
0.503 
0.480® - -
-0.447 0.418 0.616 -0.522 
HT 
0.584 
0.602 
0.303 
0.373 
0.059 
0.064 
0.263 
0.263 
0.186 
0.336 
- -
-0.107 0.164 0.440 -0.109 
PPWT 
0.676 
0.584 
0.232 
0.156 
0.241 
0.290 
0.388 
0.505 
0.619 
0.596 
0.555 
0.604 
0.646 
0.661 
TOY 
-0.025 
-0.118 
-0.200 
0.301 
0.513 
-0.176 
0.180 
0.021 
0.513 
SWD 
0.742 
0.814 
0.574 
0.587 
0.610 
-0.238 
-0.331 
-0.241 
-0.218 
-0.452 
SWT 
-0.329 
-0.232 
-0.013 
-0.099 
-0.667 
^Value for spaced hills via regression. 
^Value for spaced hills via analysis of variance. 
^Vaille for harlev hills via rpcrrpRRinn. 
^Value for barley hills via analysis of variance. 
^Value for standard hills via analysis of variance. 
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hills than in barley hills. Genotypic correlations from both spaced and 
barley hills differed in sign and magnitude from comparable values calcu­
lated from standard hills for five pairs of traits: 1) heading date with 
total grain yield, 2) heading date with spikelets per panicle, 3) plant 
height with total grain yield, 4) plant height with spikelets per panicle, 
and 5) seed weight with total grain yield. The sign reversals noted for 
standard hills may be the result of extreme heat and wind late in the 1969 
season which caused later, taller plants to be less productive relative to 
shorter, earlier plants. Heavy-seeded genotypes may have been at a disad­
vantage also because of extreme heat during the grain-filling period. 
The two methods for estimating genotypic correlations, i.e., regression 
and variance components, gave similar values for pairs of traits, but esti­
mates from variance components were often slightly larger than those ob­
tained by regression. 
Heritability 
Heritability in the narrow sense can be defined as the portion of the 
total variation in a plant trait which is available for meaningful selec­
tion. All genotypic variation among self-pollinated pure lines is additive 
in nature and available for use in a simple selection procedure. Therefore, 
estimates of heritability presented herein are indicators of the potential 
success from selection under conditions similar to those in which the esti­
mates were made. 
Heritability estimates obtained from oat lines grown in spaced and bar­
ley hills are based on single plants or plant organs, and those from oat 
lines grown in standard hills are based on line means. When possible, I 
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used four methods of estimating heritability to provide a check on the 
credibility of any single estimate. Tables 9 through 15 contain heritabili 
ties, means, and variance components for seven traits from oat lines grown 
in spaced, barley, and standard hills. I listed means and variance com­
ponents to explain differences among heritability estimates. 
Heritability estimates for heading date from spaced hills (Table 9) 
are moderately high and uniform, averaging about 0.67. The heading dates 
Table 9. Heritabilities, means, and variance components for heading dates 
measured on oat lines grown in spaced, barley, and standard hills 
Reference unit 
Spaced Barley Standard 
hill hill hill mean 
Heritabilities-method 
of estimation 
b 0.684 - -
r 0.671 -  - -  -
ANOV 0.662 -  - 0.945 
Checks^ 0.678 0.784 
Means 27.0 19.8 27.1 
Variance components 
Genotypic 12.79 14.77 22.89 
Genotype x year 2.29 —  - - -
Error 4.23 4.02 1.35 
Phenotypic 19.31 18.79 24.24 
•"Heritability calculated using the error variance estimated from 
check varieties. 
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of oat lines grown in standard hills are highly heritable, partly because 
line means were used as a reference unit which thereby reduced the impor­
tance of the error variance. The heritabilities for heading dates of barley 
hills and standard hills may be biased upward because genotype x year inter­
actions were included in the numerators of these estimates. Variance com­
ponents of spaced and barley hills appear similar if allowance is made for 
genotype x year interaction. 
Table 10 contains heritability estimates for plant height, which are 
again uniform among methods within spaced hills. The lower heritability of 
Table 10. Heritabilities, means, and variance components for plant heights 
measured on oat lines grown in spaced, barley, and standard hills 
Reference unit 
Spaced Barley Standard 
hill hill hill mean 
Heritabilities-method 
of estimation 
r 
ANOV 
Checks 
Means 
Variance components 
Genotypic 
Genotype x year 
Error 
Phenotypic 
0.562 
0.562 
0.588 
0.589 
105.7 
70.12 
7.38 
41.66 
119.16 
0.359 
96.8 
34.08 
61.IT 
95.21 
0.680 
103.6 
24.77 
11.67 
36.44 
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plant height measured in barley hills was caused by a larger error variance 
and a smaller genotypic variance relative to spaced hills. Spaced hills 
and standard hills have similar mean heights but the mean for barley hills 
is shorter. The same is true for heading date (Table 9). Late planting in 
1969 caused later heading of oat lines grown in both spaced and standard 
hills, but barley hills were measured for heading date and plant height only 
in the relatively normal year of 1968. 
Estimates of heritability for primary panicle weight (Table 11) are 
fairly uniform but quite low (less than 0.20) for both spaced and barley 
Table 11. Heritabilities, means, and variance components for primary pani­
cle weights measured on oat lines grown in spaced and barley 
hills 
Reference unit 
Spaced Barley 
hill hill 
Heritabilities-method 
of estimation 
b 0.137 0.091 
r 0.164 0.102 
ANOV 0.172 0.106 
Checks 0.184 0.146 
Means 2.73 1.33 
Variance components 
Genotypic 0.122 0.038 
Genotype x year 0.049 0.024 
Error G.535 0.295 
Phenotypic 0.707 0.357 
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hills. The mean and components of variance for this trait are larger in 
spaced hills than in barley hills; in fact the genotypic variance for spaced 
hills is about three times the size of its counterpart in barley hills. 
Values near zero for the heritability of total grain yield of spaced 
hills probably are caused by the extremely large error variance components 
for this trait (Table 12). The heritability estimate for barley hills may 
be biased upward by a genotype x year interaction variance component in the 
numerator of this estimate. A favorable growing season in 1970 contributed 
to the high heritability (0.67) for total grain yield of standard hills by 
Table 12. Heritabilities, means, and variance components for total grain 
yields measured on oat lines grown in spaced, barley, and stand-
ard hills 
Reference unit 
Spaced Barley Standard 
hill hill hill mean 
Heritabilities-method 
of estimation 
b 0.067 -- --
r 0.110 -- --
ANOV 0.079 — 0.670 
Checks 0.142 0.307 
Means 17.5 1.97 26.13 
Variance components 
Genotypic 4.60 0.38 18.99 
Genotype x year 8.02 — 4.74 
Error 45.29 0.84 4.52 
Phenotypic 57.91 1.22 28.36 
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allowing full development of the genotypic potentials of the oat lines. 
Low to medium heritability estimates were found for single-seed width 
from both spaced and barley hills (Table 13). Close agreement among heri-
tabilities of seed width in spaced hills occurred between the standard unit 
and analysis-of-variance methods of calculation. I averaged the width of 
five seeds from each standard hill and the reference unit was a mean over 
three such hills. These two facts account for the higher heritability, 
similar mean, and considerably lower error variance of seed width from stand­
ard hills than from spaced and barley hills. The genotypic variance among 
Table 13. Heritabilities, means, and variance components for seed widths 
measured on oat lines grown in spaced, barley, and standard hills 
Reference unit 
Spaced Barley Standard 
hill hill hill mean 
Heritabilities-method 
of estimation 
b 0.418 0.381 
r 0.347 0.283 
ANOV 0.370 0.276 0.772 
Checks 0.282 0.331 
Means 2.80 2.79 2.86 
Variance components 
Genotypic 0.027 0.020 0.017 
Genotype x year 0.000 0.004 
Error 0.046 0,048 0.005 
Phenotypic 0.073 0.072 0.022 
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spaced hills is slightly higher than its counterpart in barley hills, but 
the general similarity of variance components of the two plant spacing 
methods is not unexpected for seed width since this trait has shown little 
tendency to interact with environment. 
The .heritability estimates for single-seed weight (Table 14) are lower 
than those for single-seed width, even though in spaced and barley hills the 
same seed was measured for both width and weight. Heritabilities for spaced 
hills are slightly higher than those for barley hills, mainly because of a 
larger genotypic variance. The heritability of standard-hill seed weight is 
Table 14. Heritabilities, means, and variance components for seed weights 
measured on oat lines grown in spaced, barley, and standard hills 
Reference unit 
Spaced Barley Standard 
hill hill hill mean 
Heritabilities-method 
of estimation 
b 0.208 0.134 
r 0.177 0.127 
ANOV 0.162 0.129 0.718 
Checks 0.247 0.216 
Means 28.7 30.8 2.02 
Variance components 
Genotypic 7.67 5.99 0.052 
Genotype x year 1.87 1.53 
Error 37.71 38.78 0.020 
Phenotypic 47.25 46.30 0.072 
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based on weight (in grams) per 100 seeds. 
Heritability estimates for spikelets per panicle are low for both 
spaced and barley hills (Table 15). The mean number of spikelets per pani­
cle for spaced hills is about twice the size of the mean for barley or 
standard hills. Spikelets per panicle has a larger genotypic variance when 
measured in spaced hills than when measured in barley hills, but the size 
of the error variance is overwhelming in both spaced and barley hills. 
Counting spikelets on five panicles per hill and using line means reduced 
the magnitude of the error variance for standard hills. 
Table 15. Heritabilities, means, and variance components for number of 
spikelets per panicle measured on oat lines grown in spaced, 
barley, and standard hills 
Reference unit 
Spaced Barley Standard 
hill hill hill mean 
Heritabilities-method 
of estimation 
b 0.148 0.069 
r 0.172 0.080 
ANOV 0.173 0.089 0.496 
Checks 0.294 0.254 
Means 58.4 28.5 32.9 
Variance components 
Genotypic 49.51 10.73 17.58 
Genotype x year 23.06 13.72 
Error 213.43 96.19 17.88 
Phenotypic 286.60 120.64 35.46 
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I aiao estimated heritabilities of five traits by regressing measure­
ments from the 1968 barley hills on measurements from the 1967 bulk selec­
tions (Table 16). Heritability estimates from this analysis relative to 
those from previous analyses were lower for plant height, about the same 
for seed width, and higher for primary panicle weight, seed weight, and 
spikelets per panicle. The parent-offspring regression (b) values are 
larger than standard unit (r) values for all traits in Table 16. This was 
not generally true in Tables 9 through 15 for both barley hills and spaced 
hills. The 1967 and 1968 seasons were similar in climate but the 1969 
season was different, which may partly explain the tendency toward higher 
heritability estimates from the bulk-barley regression analysis. 
Table 16. Heritabilities calculated by regression of 1968 barley hills on 
1967 bulk selections 
Heritabilities - method 
Trait of estimation 
b r 
Plant height 0.306 0.283 
Primary panicle weight 0.436 0.213 
Seed width 0.406 0.396 
Seed weight 0.288 0.235 
Spikelets per panicle 0.359 0.166 
Correlations of Spaced and Barley Hills with Standard Hills 
Selection on a trait in onp pmHTo-nTnpnt- fm imnT-nyg sane trsit or 
another trait expressed in a different environment can be regarded as a form 
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of indirect selection. Selection among spaced plants of small grains for 
performance in solid stands falls into the category of indirect selection. 
The intensity of genetic association between two traits actively involved 
in any indirect selection procedure is critical because the success of in­
direct selection hinges upon this intensity and upon the heritabilities of 
the two traits. 
I previously presented genotypic correlation coefficients which esti­
mated intensity of genetic association between two traits in the same en­
vironment. Following the procedures discussed in Materials and Methods, I 
calculated other genotypic correlation coefficients between two traits 
measured in different environments and also between measurements of the 
same trait from two different environments. The latter case can be re­
garded as dealing with two different traits (Falconer, 1952). Not all 
trait pairs from the set of seven traits were relevant to indirect selec­
tion, e.g., it is unlikely that seed width would be used to select indi­
rectly for plant height. Therefore, I estimated genotypic correlations only 
for the combinations of traits which might logically be used in an indirect-
selection program (Figure 3). 
Genotypic correlations of measurements from spaced and barley hills 
with means from standard hills for trait pairs shown in Figure 3 are listed 
in Table 17. Corresponding phenotypic correlations are listed in Table 18. 
Phenotypic correlations generally are quite low. The only correla­
tions that exceed 0.50 are heading date with heading date for both spaced 
and barley hills and height with height for spaced hills. Phenotypic cor­
relations of all traits with standard-hill total grain yield are so low 
(less than 0.25 in absolute value) as to indicate indirect selection for 
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Spaced or barley 
hill trait 
Heading date 
Plant height 
Primary panicle weight 
Total grain yield 
Seed width 
Seed weight 
Spikelets per panicle 
Standard hill 
trait 
^ Heading date 
^ Plant height 
Total grain yield 
^ Seed width 
^ Seed weight 
^ Spikelets per panicle 
Figure 3. Diagram of correlations calculated between traits measured in 
spaced or barley hills and traits measured in standard hills 
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Table 17. Genotyplc correlations of seven traits measured on oat lines 
grown in spaced and barley hills with six similar traits meas-
ured on identical oat lines grown in standard hills 
HOT HT PPWT TGY SWD SWT S/P 
0.919a 
HDT 0.937 
0.766= 
d 
0.892 
HT 0.831 
0.600 
0.096 0.150 0.652 0.999 -0.129 0.113 0.251 
TGY 0.097 0.147 0.230 0.469 -0.183 -0.034 -0.032 
0.111 0.220 0.796 0.306 -0.039 0.299 0.544 
-- 0.628 - - -0.052 0.271 0.573 
0.807 
SWD 0.910 
0.881 
1.068 
0.469 
SWT 0.760 
0.548 
0.642 
0.799 
S/P 0.542 
0.257 
0.794 
^Experiment 801. 
^Experiment 901. 
^Experiment 811. 
^Experiment 911. 
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Table 18. Phenotypic correlations of seven traits measured on oat lines 
grown in spaced and barley hills with six similar traits meas-
ured on oat lines grown in standard hills 
HOT HT PPWT TGY S WD SWT S/P 
0.707a 
HDT 0.733b 
0.691C 
d 
0.567 
HT 0.520 
0.312 
0.073 
TGY 0.077 
0.101 
0.110 0.237 
0.114 0.120 
0.135 0.236 
0.212 
0.220 -0.084 
0.176 -0.102 
0.181 -0.024* 
-0.025* 
0.047* 0.097 
-0.013* -0.015* 
0.130 0.146 
0.091 0.171 
SWD 
SWT 
S/P 
0.473 
0.449 
0.491 
0.461 
0.171 
0.237 
0.172 
0.189 
0.226 
0.174 
0.050* 
0.173 
^Experiment 801. 
^Experiment 901. 
^Experiment 811. 
^Experiment 911. 
*Not significantly different from zero at the 5 percent level of proba-
hi 1 -i fv . 
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grain yield by measuring other traits in spaced or barley hills would be of 
no value. 
Because of the method of calculation used, all genotypic correlations 
agree with their phenotypic counterparts in sign; they also exceed their 
phenotypic counterparts in magnitude. The pattern of relative magnitudes 
of genotypic correlations, both among and within cells of four coefficients, 
is similar to the pattern of phenotypic correlations. One genotypic corre­
lation, that of seed width measured in 1969 barley hills with seed width 
measured in standard hills, exceeded 1.00; another genotypic correlation, 
that of total grain yield measured in 1968 spaced plants with total grain 
yield measured in standard hills, came very close to 1.00. One must bear 
in mind the fact that these correlations are estimates and not true values. 
Heading date, height, and seed width in spaced and barley hills correlated 
well with similar traits measured in standard hills. Spaced hills gave 
higher correlations for heading date and height than did barley hills. 
There is also a tendency, among certain traits, for values recorded in the 
same year to be better correlated, e.g., the values recorded in 1969 on 
spaced and standard hills for heading date, seed width, and seed weight. 
Primary panicle weight from both spaced and barley hills, total grain 
yield from spaced hills, and spikelets per panicle from barley hills were 
positively and highly genotypically correlated with total grain yield of 
standard hills. Seed width was negatively correlated with total grain yield 
of standard hills in all cases, but the estimates were near zero. 
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Expected Genetic Advance from Selection 
Using the formulas and procedures previously presented and a selection 
intensity of 30 percent, I calculated the expected genetic advance in 
standard-hill traits from selection within each of two blocks of spaced 
hills (801 and 901) and each of two blocks of barley hills (811 and 911). 
I also calculated expected genetic advance from selection among standard-
hill means themselves (Table 19). Values of expected genetic advance from 
selection among standard-hill means will serve as reference points. The 
term "direct selection" in Table 19 refers to selection on a trait measured 
in spaced or barley hills to improve the same trait measured in standard 
hills; "indirect selection" refers to selection on a trait measured in 
spaced or barley hills to improve some other trait measured in standard 
hills. 
Expected genetic advance in all standard-hill traits from selection 
among standard-hill means themselves was larger than expected genetic ad­
vance in standard-hill traits from selection among spaced or barley hills. 
Direct selection among standard-hill means themselves for total grain yield 
was from six to 140 times more effective than any form of indirect selec­
tion. The advantage to standard-hill selection is less when traits with 
high heritabilities are considered, e.g., for heading date and height, ex­
pected genetic advance from standard-hill selection was about 1.5 times larger 
than that from spaced- or barley-hill selection. 
Expected genetic advance for standard-hill heading date appears to be 
greater when selection is practiced among spaced hills than among barley 
hills. Table 20 simplifies these comparisons of spaced hills versus barley 
hills to values called "relative effectiveness of selection". To calculate 
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Table 19. Expected genetic advance in six plant traits (standard-hi11 mean 
basis) from direct and indirect selection among oat lines grown 
in spaced and barley hills 
Selection 
in HDT HT 
- I. Direct 
TGY 
selection for: 
SWD SWT S/P 
801 3.522 3.509 0.681 0.048 0.026 0.951 
901 3.594 3.266 0.320 0.054 0.042 0.645 
811 3.429 1.508 0.579 0.043 0.022 0.142 
911 -- - - - - 0.052 0.025 0.438 
(5.394)* (4.760) (4.139) (0.133) (0.223) (3.425) 
II TnH T-r £>/-• •" co 1 or» f-n nn f m- TCl'V 
HDT HT PPWT SWD SWT S/P 
801 0.397 0.521 0.661 -0.277 0.124 0.267 
901 0.402 0.511 0.234 -0.393 -0.037 -0.034 
811 0.539 0.489 0.500 -0.067 0.234 0.268 
911 - - 0.395 -0.090 0.213 0.282 
(4.139) 
^Parentheses enclose expected genetic advance values from selection 
among standard hill means themselves. 
relative effectiveness of selection for a standard-hill trait, I averaged 
the two values of expected genetic advance from selection among barley hills, 
likewise for the values from selection among spaced hills, and then divided 
the mean genetic advance from barley hills by the mean genetic advance from 
spaced hills to obtain the ratio which I call relative effectiveness of 
selection. 
Direct selection among spaced hills was more effective than direct 
selection among barley hills for height, seed weight, and spikelets per 
panicle (i.e., rai.iot> were Jeciùeûly leas ûhan 1.0). The methods were 
nearly equal for heading date, total grain yield, and seed width (i.e.. 
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Table 20. Relative effectiveness of selection — ratios of expected genet­
ic advance (standard-hill basis) from selection among barley 
hills to expected genetic advance from selection among spaced 
hills 
Trait 
Direct selection 
for similar traits 
in standard hills 
Indirect selection 
for total grain yield 
of standard hills 
Heading date 0.964 1.350 
Plant height 0.446 0.946 
Primary panicle weight - - 1.001 
Total grain yield 1.158 
Seed width 0.924 0.234 
Seed weight 0.692 5.128 
Spikelets per panicle 0.363 2.363 
ratios were close to 1.0), 
Indirect selection for total grain yield via heading date, plant 
height, and primary panicle weight were of almost equal effectiveness in 
spaced and barley hills. Indirect selection via seed weight and spikelets 
per panicle was more effective in barley hills, but spaced hills were more 
effective when selection on seed width was used. 
Simulated Selection 
Selection for performance of oat lines grown in standard hills was 
simulated using measurements on the same lines grown in spaced and barley 
hills. Two objectives of this simulated selection were: 1) to determine 
the proportion of lines measured in spaced or barley hills that could be 
discarded without excessive loss of lines that were superior in standard 
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hills, and 2) to examine the response of measurements made on oat lines 
grown in standard hills to rankings of identical lines by measurements made 
in spaced and barley hills. 
Retention-elimination analyses 
Given a large heterogeneous population of oat lines, a breeder with 
limited financial resources cannot afford to test all lines in a replicated 
performance trial. Instead, he must use an efficient screening procedure, 
such as mass selection, to reduce the size of the population by discarding 
inferior lines. Therefore, it is valuable to know the extent to which a 
population can be reduced in size, via a simple screening procedure, with­
out excessive loss of superior genotypes. Greater accuracy of initial 
selection for superior genotypes will result in smaller numbers of geno­
types to be tested in relatively expensive performance trials. 
Identification of superior genotypes for complex traits is not always 
possible if selection is based on individual plants or plant organs. Selec­
tion for some traits might be more effective when directed toward identi­
fying inferior genotypes within a population (Atkins, 1964). Information 
on the accurate identification of both superior and inferior oat lines, 
for each of six traits measured in standard hills, may therefore be of value 
when a screening procedure such as mass selection is considered. 
To investigate the accuracy of selection for six traits, I determined 
the proportion of lines to be saved from spaced and barley hills so that 
four-fifths of the best 30 percent of these lines, as measured in standard 
T-7C"jld be retained. ZTcr example, cousiJer selection on cotai grain 
yield of spaced hills to improve total grain yield measured in standard 
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hills. Within block 2 of the 1968 spaced-hill experiment (802), all lines 
that ranked in the upper two-thirds for total grain yield would have to be 
saved to retain four-fifths of the lines in the upper 30 percent class for 
grain yield of standard hills. The score (i.e., percent saved) for this 
simulated selection is two-thirds, or 66.7 percent (the exact score in 
Table 23 was 68.3 percent). I also determined the proportion of oat lines, 
measured in spaced or barley hills, that would have to be discarded to 
eliminate four-fifths of the poorest 30 percent of the same lines measured 
in standard hills. Using the same example, the poorest 72.7 percent of the 
lines in experiment 802 would have to be discarded to eliminate four-fifths 
of the lines in the lower 30 percent class for total grain yield in standard 
hills. The score for this simulated selection among spaced hills is there­
fore 72.7 percent. These results indicate that a) two-thirds of the popu­
lation must be saved (based on spaced-hill measurements of total grain 
yield) to avoid losing more than six percent (1/5 x 30 percent = 6 percent) 
of the high-yielding lines, and b) there is no advantage in discarding lines 
judged to be inferior for total grain yield in spaced hills, as opposed to 
saving lines judged to be superior, when selection is to improve total grain 
yield in standard hills. 
An approximate selection intensity of 24 percent (4/5 x 30 percent) was 
arbitrarily chosen as a reasonable value for a screening procedure such as 
mass selection. Direct selection for all six traits measured in standard 
hills and indirect selection for total grain yield were simulated for the 
trait pairs given in Figure 3. Most genotypic correlations of spaced- and 
barley-hill data with total grain yield of standard hills were positive. 
Therefore, indirect selection for total grain yield was conducted accord­
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ingly, e.g., high-yielding lines were "saved" by selection for tall plants 
and low-yielding lines were "discarded" by selection for short plants. 
Only values from the second blocks of spaced- and barley-hill experi­
ments were used in order to maintain a degree of independence from esti­
mates of expected genetic advance. Tables 21 through 26 give the results 
of simulated selection in spaced and barley hills for performance of oat 
lines grown in standard hills. 
Table 21 gives the results for simulated selection on heading date of 
lines measured in spaced and barley hills. Early and late lines in stand­
ard hills can be identified with similar accuracy by measuring heading date 
in spaced hills (36 percent versus 33 percent). The proportion of lines 
grown in barley hills that must be saved to retain early lines is smaller 
than the proportion of lines saved to retain late ones (35 percent versus 
45 percent). Indirect selection for low grain yield in standard hills via 
heading date of spaced hills appears more accurate (66 percent) than in­
direct selection for high grain yield (81 percent). Indirect selection for 
Table 21. Simulated selection on heading date -- minimum percent of oat 
lines saved (according to heading dates) from blocks of spaced 
and barley hills to retain four-fifths of the oat lines present 
in each 30 percent extreme for mean heading date and mean total 
grain yield of oat lines grown in standard hills 
Standard-hill 30 percent — Experiment 
trait extreme 802 902 812 912 
Heading date Early 35.6 36.8 35.0 
Late 33.1 33.8 44.5 
Total grain Low 61.4 70.7 69.9 
yield 
High 80.7 81.3 70.5 
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low grain yield via early maturity in barley hills is similar in accuracy 
to indirect selection for high grain yield via late maturity (69.9 percent 
versus 70.5 percent). Indirect selection for high total grain yield of 
standard hills via heading date of lines measured in spaced and barley hills 
requires that early lines be discarded, a somewhat questionable practice 
when choosing oat lines suitable for Iowa. 
Table 22 indicates selection for plant height to be slightly more ef­
fective if conducted among spaced hills but not to the extent indicated in 
Table 20. Selection in both spaced and barley hills for tall plants re­
quires a smaller proportion of lines be saved than selection for short 
plants. Saving tall plants or discarding short plants are similarly effec­
tive in either spaced or barley hills for indirect improvement of grain 
yield. 
Selection on primary panicle weight or total grain yield in either 
spaced or barley hills requires that about 70 percent of the lines be 
Table 22. Simulated selection on plant height — minimum percent of oat 
lines saved (according to plant height) from blocks of spaced 
and barley hills to retain four-fifths of the oat lines present 
in each 30 percent extreme for mean plant height and mean total 
grain yield of oat lines grown in standard hills 
Standard-hill 30 percent Experiment 
trait extreme 802 902 812 912 
Plant height Short 56.0 49.3 64.4 
Tall 45.9 45.6 54.7 
Total grain Low 67.2 71.5 75.7 
1T-Î ^ 2.— 
High 78.2 72.7 73.9 
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retained to save lines which yield well in standard hills (Table 23). How­
ever, about 70 percent of the lines must be saved to retain lines with low 
yields.in standard hills. No clear advantage for any mode of selection is 
evident. 
Table 23. Simulated selection on primary panicle weight (I.) and total 
grain yield (II.) — minimum percent of oat lines saved (accord­
ing to primary panicle weight or total grain yield) from blocks 
of spaced and barley hills to retain four-fifths of the oat 
lines present in each 30 percent extreme for mean total grain 
yield of oat lines grown in standard hills 
Standard-hill 30 percent Experiment 
trait extreme 802 902 812 912 
Total grain 
yield 
Low 
High 
I. 
II. 
I. 
II. 
71.4 
72.7 
71.1 
68.3 
77.4 
74.9 
73.5 
75.0 
6 8 . 2  
68 .2  
71.5 
71.0 
76.6 
69.4 
Table 24 indicates selection for wide seeds would be most effective 
to modify seed width of standard hills, and that such selection among bar­
ley hills is slightly more effective than selection among spaced hills. I 
performed indirect selection for both high- and low-yielding lines in 
standard hills via seed width of spaced and barley hills by selecting for 
wide seeds and also for narrow seeds. I planned to check the negative esti­
mates of genotypic correlation between single-seed width and total grain 
yield of standard hills, but results are confusing, since saving narrow 
seeds of spaced or barley hills appears more effective in retaining both 
high- and low-yielding lines. 
57 
Table 24. Simulated selection on seed width — minimum percent of oat 
lines saved (according to seed widths) from blocks of spaced 
and barley hills to retain four-fifths of the oat lines present 
in each 30 percent extreme for mean seed width and mean total 
grain yield of oat lines grown in standard hills 
Standard-hill 30 percent Experiment 
trait extreme 802 902 812 912 
Narrow 57.9 60.2 57.9 58.1 
Seed width 
Wide 49.1 54.4 45.2 46.0 
Low 
Total grain 
77.0* 81.8 76.1 78.4 
81.ob 81.3 84.2 84.4 
, 80.8^ 76.9 73.5 77.3 
G 87.6* 84.0 82.5 83.9 
^Selection for low-yielding lines by saving narrow seeds. 
^Selection for low-yielding lines by saving wide seeds. 
^Selection for high-yielding lines by saving narrow seeds. 
^Selection for high-yielding lines by saving wide seeds. 
Selection among spaced and barley hills for heavy seeds rather than 
light seeds appears more effective in modifying the seed weight of standard 
hills (Table 25). Effectiveness of indirect selection for total grain 
yield via seed weight varies little among the alternatives presented in 
this table. 
Results from selection among barley hills for spikelets per panicle 
are inconsistent (Table 26). Within spaced hills, selection for many 
spikelets per panicle has a slight advantage over selection for few spike-
lets per panicle in modifying the number of spikelpfR npr nanirle ariH total 
grain yield of standard hills. 
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Table 25. Simulated selection on seed weight -- minimum percent of oat 
lines saved (according to seed weights) from blocks of spaced 
and barley hills to retain four-fifths of the oat lines present 
in each 30 percent extreme for mean seed weight and mean total 
grain yield of oat lines grown in standard hills 
Standard-hill 30 percent Experiment 
trait extreme 802 902 812 912 
Light 78.5 71.9 75.9 72.1 
Seed weight 
Heavy 64.0 64.9 69.7 66.9 
Total grain Low 81.8 80.5 74.7 76.7 
yield 
High 76.9 79.4 76.1 76.6 
Table 26. Simulated selection on spikelets per panicle -- minimum percent 
of oat lines saved (according to number of spikelets per pani­
cle) from blocks of spaced and barley hills to retain four-
fifths of the oat lines present in each 30 percent extreme for 
mean number of spikelets per panicle and mean total grain yield 
of oat lines grown in standard hills 
Standard-hill 30 percent Experiment 
trait extreme 802 902 812 912 
Spikelets per Few 80.7 81.1 74.3 71.8 
panicle 
Many 75.7 73.0 77.2 65.8 
Total grain Low 84.9 78.7 70.9 75.5 
yield 
High 72.7 77.3 75.4 71.9 
Patterns of response to selection 
Linear regression coefficients and simple correlation coefficients can 
evaluate only the linear comDonent" of a betv.'eon vcri—blcc. 
Curvilinear relations may go unnoticed if one is dependent solely upon 
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linear statistics. Throughout the preceding discussion, I have implied the 
existence of linear relations between traits measured on oat lines grown in 
spaced or barley hills and traits measured on identical lines grown in 
standard hills. If a curvilinear relation exists between a pair of such 
traits, then selection among spaced or barley hills for extreme values on 
either end of the phenotypic scale may not give maximum response in standard 
hills. 
To investigate for curvilinear relations between traits measured in 
spaced or barley hills and in standard hills, I sorted all oat lines present 
in a block of spaced (or barley) hills into ascending order according to a 
specific trait (trait 1, measured in spaced or barley hills). As each line 
was placed in order according to trait 1, it was accompanied by its mean 
for a second trait measured in standard hills (remember that trait 1 and 
trait 2 may represent different traits truly, e.g., heading date and plant 
height, or the same trait measured in two different experiments). The 
column of lines was divided into deciles and a mean was calculated over the 
standard-hill values of trait 2 for the lines in decile 1 (the term "decile" 
as used herein refers to one of the ten groups containing equal numbers of 
observations, not to one of a set of values which divide a distribution into 
tenths). This decile 1 contained the ten percent of lines with the smallest 
values for trait 1 (measured in spaced or barley hills), and decile 10 con­
tained the lines having the largest values of trait 1. The mean of trait 2 
for a decile was plotted on the Y-axis against the decile number on the 
X-axis. Decile number corresponds directly with the ascending order of the 
spaced- or barley-hill values for trait 1. Only values from the second 
block of each spaced- or barley-hill experiment were used. Plotted lines 
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are designated 802, 902, 812, and 912 to indicate they were derived by 
ranking values of a trait measured within block 2 of 1968 spaced hills, 
1969 spaced hills, 1968 barley hills, or 1969 barley hills, respectively. 
Figures 4 through 15 show the decile-mean relationships for the trait pairs 
given in Figure 3. 
Ranking oat lines for heading date measured in spaced or barley hills 
had an ordering effect on the mean heading date values of identical lines 
measured in standard hills, i.e., lines which headed early (late) in spaced 
or barley hills also headed early (late) in standard hills (Figure 4). 
Therefore, the relation of heading date measured on single plants to heading 
date measured in standard hills appears strong and linear, which is not un­
expected for this highly-heritable trait. The uniform slope of the plotted 
lines indicates selection for maturity in standard hills would be equally 
effective across the range of spaced- or barley-hill values. The appropri-
Isd for comparisons between two decile means are given in each table. 
Relatively few fluctuations in each plotted line of Figure 5 indicate 
relatively strong relations of height measured in spaced or barley hills 
to height measured in standard hills. However, a slight curvilinearity is 
evident in all plotted lines due to the higher means of deciles 8 through 
10. This greater dispersion of values would cause selection for plant 
height in spaced or barley hills to be most effective when aimed at iso­
lating taller plants. 
Figure 6 suggests a linear relation between total grain yield of spaced 
or barley hills and total grain yield of standard hills. Fluctuations in 
each plotted line are evidence of only moderate agreement between total 
ate mean population of standard-hill values and the one percent 
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grain yield of oat lines grown in spaced or barley hills with total grain 
yield of standard hills. 
A strong curvilinear relation of spaced- and barley-hill seed width to 
standard-hill seed width is shown by Figure 7. Selection among spaced or 
barley hills would probably have greatest success if directed toward isola­
tion of wide seeds. Seed weight (Figure 8) follows much the same pattern 
as seed width, but the relations are not as strong, i.e., the plotted lines 
fluctuate more than those of seed width. 
Spikelets per panicle (Figure 9) follows the curvilinear pattern of 
height, seed width, and seed weight, but the relations of spaced and barley 
hills to standard hills are weaker still for this trait as evidenced by 
several large fluctuations in each plotted line. 
No definite advantage for selection in either spaced or barley hills 
for performance in standard hills is suggested by Figures 4 through 9. 
Figures 10 through 15 illustrate the patterns of response of total 
grain yield measured in standard hills to rankings of oat lines by other 
traits measured in spaced and barley hills. 
Although strong fluctuations occur in each plotted line in Figure 10, 
a common curvilinear trend suggests indirect selection for total grain 
yield via heading date of spaced or barley hills would be most effective if 
directed toward eliminating lines of early or very late heading date from 
this population. Responses of total grain yield to selection for plant 
height (Figure 11) would be maximized by eliminating the shortest 40 per­
cent of the oat lines. However, in deciles 5 through 10 the mean yields 
were all similar. Small fluctuations in each plotted line indicate a rela­
tively strong relation of single-plant height to standard-hill total grain 
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yield. 
Primary panicle weight of single plants maintains a linear relation 
with total grain yield of standard hills (Figure 12). The relation appears 
somewhat stronger for heavier panicles, since fluctuations in each line are 
smaller above the population mean. Selection of heavy panicles is indicated 
for indirect improvement of total grain yield in this population. 
Selection for seed width among spaced or barley hills would have little 
success in improving total grain yield of standard hills, according to 
Figure 13. All plotted lines contain very large fluctuations. The only 
apparent trend is an association of decreased grain yield with very wide 
seeds. Visual examination of the oat lines used in my experiments revealed 
a strong association of bosom kernels with very wide seeds. This associa­
tion might explain the trend toward decreased grain yield of oat lines 
having very wide seeds. 
Plotted lines of Figure 14 suggest a very weak linear response of total 
grain yield to selection for seed weight measured in spaced or barley hills. 
Chances for successful indirect selection for total grain yield of standard 
hills via single-seed weight appear slim since a ranking of oat lines for 
single-seed weight failed to distinguish among mean grain yields of identi­
cal lines grown in standard hills. 
The plot for experiment 902 contains a sharp dip at decile 7 in Figures 
13 and 14. I can offer no reason for this dip other than declaring it to 
be an unexplained fluctuation. 
The number of spikelets per panicle measured in spaced or barley hills 
has a definite linear relation with total grain yield measured in standard 
hills, although fluctuations along the plotted lines are moderately large 
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Figure 12. Response in mean total grain yield of oat lines grown in standard hills to a ranking of 
primary panicle weights measured on identical oat lines grown in spaced and barley hills 
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Figure 13. Response in mean total grain yield of oat lines grown in standard hills to a ranking of 
seed widths measured on identical oat lines grown in spaced and barley hills 
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Figure 14. Response in mean total grain yield of oat lines grown in standard hills to a ranking of 
seed weights measured on identical oat lines grown in spaced and barley hills 
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(Figure 15). Selection among spaced or barley hills to discard panicles 
with few spikelets or to save panicles with many spikelets should effective­
ly increase the frequency of higher-yielding oat lines within this popula­
tion. 
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Figure 15 Response in incan total girain yields of oat lines grown in standard hills to a rankirx o_ 
spikelets per panicle measured on identical oat lines grown in spaced and barley hills 
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DISCUSSION 
Credibility of Estimates 
Estimates of heritability and genotypic correlation reported herein 
generally agree with those reported in several other studies of oats. 
Murphy and Frey (1962) regressed values from Fg-progeny rows on spaced F2 
plant values and obtained heritabilities of 0.35 and 0.36 for width per ten 
groats and weight per 100 groats, respectively. The genotypic correlation 
between the two traits was 0.69. Jones and Frey (1960) used plots of 15 
spaced plants in the F^ generation to calculate heritabilities of 0.56, 
0.44, 0.11, and 0.38 for heading date, plant height, grain yield, and kernel 
weight, respectively. From 15 diallel crosses among six oat varieties, Petr 
and Frey (1966) estimated the heritabilities of heading date, plant height, 
grain yield, and spikelets per panicle to be 0.87, 0.61, 0.53, and 0.74, 
respectively, for reference units of five spaced plants. 
Mass selection experiments conducted by Romero and Frey (1966) indi­
cated negative genotypic correlations between plant height and grain yield. 
Frey (1967) gave evidence of a positive genotypic correlation of seed width 
with grain yield. I calculated genotypic correlations of both height and 
seed width measured in spaced and barley hills with total grain yield 
measured in standard hills, and these correlations were opposite in sign to 
those reported above. 
In barley selection experiments performed by Frey and Homer (1955), 
parent-offspring regression estimates of heritability underestimated true 
heritability, but heritability estimates obtained by ratios of variance 
components from analyses of variance came close to the true values. Agree-
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ment among the four methods of calculating heritability was consistent in 
my experiments. Heritability estimates from parent-offspring regression, 
from the standard unit method, and from ratios of variance components were 
usually in close agreement. Estimates involving the error variation among 
check varieties were generally highest, probably due to bias from genotype 
X year interaction. 
Regression and ratios of variance components gave similar estimates 
of genotypic correlations among traits within experiments. 
Results from simulated selection tend to agree with estimates of heri­
tability and genotypic correlations between spaced or barley hills and 
standard hills. Simulated selection was not entirely independent from esti­
mation of heritability and correlation, however, since some of the data were 
used in both phases. 
Relative Effectiveness of Selection 
Mass selection is usually used to increase the relative frequency of 
desirable genotypes in a heterogeneous population of oats. The first-
selection stage of the pedigree method, for example, is similar to mass se­
lection in this respect if quantitative traits are of interest. In practice, 
however, selection methods often differ in arrangement of the oat plants 
among which selection is practiced. Mass selection often involves planting 
seeds from a heterogeneous population in dense stands comparable to commer­
cial practice. Early stages in the pedigree method usually employ selection 
among individually-spaced plants. A major objective of this study was to 
determine which planting arrangement of oats would allow greater response 
to selection for performance in solid, pure stands. Spaced hills repre­
78 
sented individually-spaced plants, of course, and I believe that barley 
hills adequately simulated solid stands of a heterogeneous population. 
Frey (1965) has shown standard hills are reliable indicators of performance 
in solid, pure stands. 
Effective selection for a plant trait depends upon the amount of 
genetic variation available and the confounding effects of environment. 
Table 27 lists the genotypic coefficients of variation for seven traits in 
both spaced and barley hills. Traits measured in barley hills have geno­
typic coefficients of variation roughly equal to or larger than coeffi­
cients obtained from measurements on spaced hills. Heritabilities of traits 
measured in barley hills, however, were generally lower than those from 
spaced hills. Except for heading date and total grain yield, error vari-
Table 27. Coefficients of genotypic variation for seven traits measured 
on oat lines grown in spaced and barley hills in 1968 and 1969 
Coefficients of genotypic variation^ 
Trait Spaced hill Barley hill 
Heading date 13.2 19.4 
Plant height 7.9 6.0 
Primary panicle weight 12.8 14.7 
Total grain yield 12.3 31.3 
Seed width 5.9 5.1 
Seed weight 9.6 7.9 
Spikelets per panicle 12.0 11.5 
"•The coetficient of genotypic variation for a trait is the genotypic 
standard deviation expressed as a percentage of the mean. 
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ances were relatively larger in barley hills than in spaced hills. Perhaps 
for oats grown in barley hills there is an additional, non-heritable com­
ponent of variation due to competition with surrounding (barley) plants, as 
Sakai (1955) has suggested for other small grains. 
Reexamining the results, expected genetic advance from direct selection 
for heading date, total grain yield, and seed width was similar in both 
planting arrangements. However, higher heritability estimates for heading 
date and total grain yield measured in barley hills (which may have been 
biased upward by nongenetic variance) tended to offset the lower genotypic 
correlations of barley hills with standard hills for these traits. Lower 
heritabilities of seed weight and spikelets per panicle measured on lines 
grown in barley hills caused a low relative effectiveness of direct selec­
tion for these traits. A large error variance and a low genotypic correla­
tion with standard hills caused direct selection among barley hills for 
spikelets per panicle to have a low relative effectiveness of selection. 
Heritabilities of plant height and primary panicle weight were higher 
in spaced hills than in barley hills, but genotypic correlations with total 
grain yield (of standard hills) were higher when these traits were measured 
in barley hills. Heritability of total grain yield was higher in barley 
hills than in spaced hills, but genotypic correlation with total grain 
yield of standard hills was higher in spaced hills. These inverse rela­
tions of heritability and genotypic correlation caused the relative effec­
tiveness of selection for total grain yield of standard hills (Table 20) to 
be near 1.0 for plant height, primary panicle weight, and total grain yield. 
Low genotypic correlations of seed width measured in barley hills with 
standard-hill total grain yield caused a low relative effectiveness of 
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indirect selection for this trait. The opposite was true for seed weight 
and spikelets per panicle. 
Genotypic correlations near zero are sometimes regarded as unfortunate 
and undesirable, but this is not always true. Consider heading date of 
single plants and total grain yield of standard hills. Since early maturi­
ty and high grain yield are desirable for oats, a near-zero genotypic cor­
relation of these traits is preferable to one that is large and positive, 
although the ideal value for oat breeding in Iowa would be large and nega­
tive. Very large positive or negative genotypic correlations with total 
grain yield would be desirable for yield components, however, since the size 
of yield components is less important than total grain yield in pure stands. 
Response Patterns 
The results from simulated-selection experiments supported the results 
obtained by other methods, but revealed few significant differences between 
spaced and dense planting arrangements. For some traits, however, these 
experiments did indicate selection would be more effective if directed 
toward a certain portion of the phenotypic spectrum. This result is based 
upon two forms of curvilinear relations between certain single-plant traits 
(i.e., traits measured in spaced and barley hills) and certain traits 
measured on oat lines grown in standard hills. 
A "concave" form of curvilinearity was often present when a single-
plant trait was related to the same trait in standard hills, e.g., plant 
height of single plants versus plant height of standard hills. This pattern 
of response has, I believe, a logical basis in the interaction of genotypes 
with environment. For example, plants which are relatively short due to 
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their genotype will tend to be short in any environment, but plants whose 
genotype permits them to be tall may be either tall or short depending upon 
the environment. Therefore, short phenotypes may conceal both "short" and 
"tall" genotypes if the environment has been unfavorable for "tall" geno­
types. Tall phenotypes, however, are likely to conceal only "tall" geno­
types. This line of reasoning is not adequate to explain the results of 
Atkins (1964) or Frey (1962a), which indicated visual discrimination among 
spaced plants may be most effective on low-yielding genotypes. However, 
visual evaluation of spaced plants for low yield in pure stands often rests 
on a complex of morphological traits, some of which are relatively stable 
and not prone to respond to environment in the manner described for plant 
height. 
The opposite or "convex" form of curvilinearity was present in patterns 
of response of total grain yield of standard hills to a ranking of single 
plants for heading date or plant height. I believe the general pattern of 
unfavorable weather conditions for grain filling very late in Iowa growing 
seasons may explain part of this convex response, since later plants would 
be at a definite yield disadvantage under such circumstances. Plant height 
and heading date are positively correlated, so tall plants would also tend 
to be late and therefore at a yield disadvantage. A curvilinear response 
pattern between grain yield and weight per 100 seeds was found by Frey and 
Huang (1969), but my measurements detected no similar relation between 
single-seed weight and total grain yield of standard hills. 
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Selection Efficiency 
Genetic advance (standard-hill basis) from selection in both spaced 
and barley hills was quite small for most traits, relative to genetic ad­
vance from selection among standard hills themselves. However, screening 
thousands of genotypes using standard hills would be quite expensive. If 
costs are considered, it appears that single-plant selection, including 
mass selection, could be useful in direct selection for heading date and 
plant height, and probably for the other four standard-hill traits as well. 
Indirect selection for total grain yield, however, would have to be accom­
plished in an inexpensive and rapid manner to be competitive with selection 
using standard hills themselves. 
The cost per unit of genetic advance, therefore, is of considerable 
importance. I have previously related spaced hills to some form of visual 
selection and barley hills to mechanical mass selection. Assuming these 
relations are valid and these two methods were applied to population B251, 
their potential difference would lie in efficiency of selection, i.e., cost 
per unit of genetic advance. For example, labor is generally a large item 
of expense in a plant breeder's budget, and visual selection is labor-
intensive but mechanical mass selection is not. Visual selection, however, 
often provides an opportunity to use a mental selection index upon several 
traits at a glance but mechanical mass selection is generally limited to 
one trait per application. (One could apply mechanical mass selection 
several times in succession to one generation, however.) Mechanical mass 
selection may be relatively difficult to apply on a trait such as heading 
JcxLc, buL vltiual selection for seed wiQtn wouiû certainly be slower than 
passing seeds over a screen, and perhaps not as accurate. There is an 
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infinity of such comparisons one could make, and they would all lead to the 
same point: my experiments indicate the primary problem in choosing between 
planting arrangements in which to practice selection (i.e., spaced plants 
versus plants in dense stands) is not to determine which makes possible the 
greatest genetic advance but instead to determine the relative costs of 
selection procedures. If one arrangement allows a selection procedure that 
is cheaper, reasonably effective, and similar to other procedures in speed 
of application, then that arrangement should be given first consideration. 
If costs are nearly equal, ny experiments indicate that selection among 
spaced plants would generally be best for direct selection, and selection 
in solid stands would generally be best for indirect selection on total 
grain yield. 
Additional Comments 
Selection indices 
One possible modification to the selection procedures I have dis­
cussed would be the combination of two or more traits into a selection in­
dex. A selection index might prove useful when selecting indirectly among 
single oat plants for grain yield measured in solid, pure stands. Searle 
(1965) discusses theoretical aspects of mass selection, including several 
situations in which the use of an index for indirect selection (within one 
planting arrangement) may or may not be desirable. Wallace, Middleton, 
Comstock, and Robinson (1954) compiled several selection indices for improve­
ment of grain yield in oats, but none had any practical advantage over 
selection for grain yieio itseir. Such results should not discourage the 
combination of selection indices and mass selection in oats, however. 
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Visual selection often applies the mental selection index present in the 
breeder's own mind. Mechanical mass selection could be adapted to index 
selection by successive evaluation for several different traits, either 
within one cycle or in consecutive cycles of selection. 
Reduction of uncontrolled variation 
I have pointed out the large impact of environment on the genotypic 
expression of single oat plants grown in spaced and barley hills. Gardner 
(1961) planted a field to an open-pollinated corn variety and subdivided 
the field into 40-plant units. He saved the highest-yielding plants in each 
unit, not in the field as a whole. This gridding technique was apparently 
quite successful in reducing the confounding effects of environment upon 
the expression of corn yield. 
Each block of oat lines grown in spaced and barley hills in 1969 was 
composed of 20 physical units, each unit containing 80 hills. Within each 
block, I found the mean of each unit for seven plant traits. Then, in each 
block, I chose 80 hills at random and found their mean. Sampling without 
replacement, I chose another 80 random hills and found their mean. I con­
tinued this procedure until all of the 1600 plots had been chosen. 
Only random deviations should contribute to variation among the means 
of random groups of 80 plants, since both genotypic and environmental ef­
fects were random samples from a population. Each physical unit, however, 
could have a unique deviation due to the particular environment within that 
unit if environments were not uniform among units. Therefore, variation 
among unit means could contain an additional component due to variation 
among unit environments. An analogous situation is a simple linear additive 
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model involving treatment effects (t^), the random deviations of error 
(e^j), and the mean (jji). The model is written as: 
?ij = + ti + 'ij 
One way to test for differences among the tj^ in this model is to partition 
the total variation into appropriate components and conduct an F-test. I 
conducted analogous but approximate F-tests for differences among unit ef­
fects by calculating F as: 
p _ Variance among unit means 
Variance among group means 
and comparing these values to tabular F with 19 degrees of freedom in both 
numerator and denominator. Calculated F-values are given in Table 28. 
Table 28. Ratios of variation among unit means to variation among group 
means for seven traits measured on oat lines grown in spaced 
and barley hills in 1969 
Experiment — 
Trait 901 902 911 912 
Heading date 0.94 1.27 - -
Plant height 1.69 1.17 - -
Primary panicle weight 1.46 4.40** 2.44* 5.53** 
Total grain yield 6.04** 4.38** — - — 
Seed width 1.31 1.88 2.90* 2.55* 
Seed weight 2.69* 2.72* 3.40* 3.44* 
Spikelets per panicle 1.76 1.52 1.35 4.22* 
*F-test indicates significance at 5 percent level of probability. 
**F-test indicates significance at 1 percent level of probability. 
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A gridding technique might overcome the differences between units in­
dicated for several traits measured in both barley hills and spaced hills, 
and this technique would involve little additional expense. It is sur­
prising that seed width and seed weight varied from unit to unit, since in 
general these traits have shown a relatively small tendency to interact 
with environment. However, an interesting feature of this table is that 
only one value out of 22 is less than 1.0, The one exception, heading date, 
had the highest heritability of the seven traits studied. 
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SUMMARY 
Barley hills adequately simulated the competitive environment found in 
a dense stand of a heterogeneous oat population. Heritabilities on a 
single-plant basis exceeded 50 percent only for heading date and plant 
height and were generally less than 40 percent for five other traits (pri­
mary panicle weight, total grain yield, seed width, seed weight, and spike-
lets per panicle). Genotypic correlations of single-plant traits with their 
counterparts in standard hill plots were 0.5 or higher, but genotypic cor­
relations with total grain yield were usually low. Except for heading date 
and plant height, expected genetic advance (in standard hills) from selec­
tion among single plants was small relative to advance from selection among 
standard hills themselves. The lack of major differences between progress 
from selection among spaced- or dense-planted single plants suggests cost 
factors would be important when choosing between the two planting arrange­
ments. A curvilinear relation between single-plant and standard-hill 
measurements occurred for several traits. Initial response to selection for 
such traits could be maximized by isolating the appropriate portion of the 
phenotypic spectrum. 
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